Introduction {#s1}
============

Environmental concerns and the depletion of worldwide oil reserves have led many governments to promote research on environmentally benign and sustainable biofuels in order to enhance energy independence. Biofuel production from renewable biomass sources is one of the most promising alternatives to petroleum-based transport fuels. Biofuels are generally classified as either 'first-generation fuels' if they are produced from sugar/starch crops or 'second-generation fuels' if they are produced from lignocellulosic biomass feedstocks such as crop residues, grasses, sawdust, and wood chips ([@CIT0027]; [@CIT0017]). However, a major controversial issue related to biofuel production involves competition for arable land between producers of energy crops and producers of edible crops. The cultivation of terrestrial plants as energy resources is also limited by the availability of fresh water supplies ([@CIT0023]; [@CIT0032]).

Photosynthetic algae are of considerable interest as an alternative renewable source of biomass for the sustainable production of biofuels. Biofuels produced from algal feedstocks are referred to as 'third-generation fuels' and their production does not compete directly with agriculture, as it requires neither productive land nor fresh water ([@CIT0009]). Several species of algae can store significant amounts of energy-rich compounds such as lipids and polysaccharides (starch and glycogen) that can be utilized for the production of distinct biofuels, including biodiesel and bioethanol. Cyanobacteria are especially attractive because their photosynthetic and biomass production rates are higher than those of terrestrial plants ([@CIT0009]; [@CIT0032]). In addition, as cyanobacteria are prokaryotes, their metabolic processes are more readily amenable to genetic modifications designed to enhance the production of energy-rich compounds than are those of eukaryotic algae. Cyanobacteria possess relatively small genomes, many of which have been sequenced. Thus, compared with eukaryotic algae, it is less complicated to utilize cyanobacteria in systems biology research ([@CIT0035]; [@CIT0041]).

Glycogen, α-1,6-branched α-1,4-glucan, is the primary storage polysaccharide in cyanobacteria ([@CIT0003]). Under conditions of optimal light intensity and nitrate supply, glycogen may accumulate to more than 50% of the dry weight of cyanobacterial cells ([@CIT0001]). As glycogen can be converted into liquid biofuels such as ethanol, isobutanol, and butanol via fermentation process using microorganisms such as yeast and bacteria ([@CIT0023]), enhancing the glycogen production capacity of cyanobacteria is a promising strategy for producing third-generation biofuels.

In cyanobacteria, glycogen is synthesized from CO~2~ assimilated during periods of light exposure ([@CIT0003]). Although nitrogen depletion and salt stress are known to impact glycogen accumulation in cyanobacteria ([@CIT0030]; [@CIT0042]; [@CIT0029]), little is known about the mechanisms that regulate glycogen metabolism in these organisms. Understanding of the metabolic flux of glycogen biosynthesis in cyanobacteria is also quite limited.

Metabolic profiling has proven to be a powerful tool for gaining insights into functional biology ([@CIT0014]; [@CIT0004]). The comprehensive analysis of a wide range of metabolites in cells using high-sensitivity mass spectrometry techniques makes it possible to identify metabolic compounds that play important roles in specific biological processes ([@CIT0043]; [@CIT0016], [@CIT0019]).

So far, cyanobacterial metabolomics studies have mainly concentrated on the model cyanobacterial strain *Synechocystis* sp. PCC6830 ([@CIT0010]; [@CIT0026]; [@CIT0029]). [@CIT0010]) performed metabolome phenotyping of inorganic carbon limitation in *Synechocystis* cells to analyse the metabolic process of low carbon acclimation. However, there has been no report demonstrating the temporal metabolic profile of *Synechocystis* cells cultivated under condition of nitrate deficiency. Recently, [@CIT0001]) reported the usefulness of *Arthrospira platensis* as a glycogen supplier by comparing the glycogen capacity with α-polyglucan (glycogen and starch) production of other cyanobacteria and microalgae in the related studies. *A. platensis* is a filamentous non-N~2~-fixing cyanobacterium that is potentially one of the algae capable of producing bioenergy and renewable energy because of their high growth ability in outdoor environments ([@CIT0036]), although the intracellular metabolite profile of *A. platensis* has never been characterized by the metabolomic approach.

In the present study, we quantified the level of primary metabolic intermediates such as sugar phosphates, sugar nucleotides, amino acids, and organic acids in *Synechocystis* sp. PCC6803 under conditions in which the glycogen level was increased by manipulating the nitrate supply. The metabolomics approach was applied to *A. platensis*. Metabolic turnover of these compounds was also assessed using an *in vivo* ^13^C-labelling technique in order to directly measure the flow of carbon during glycogen biosynthesis. Our experiments revealed that glycogen produced during nitrate depletion is biosynthesized with carbon atoms derived from proteins rather than CO~2~.

Materials and methods {#s2}
=====================

Strains and culture conditions {#s3}
------------------------------

*A. platensis* NIES-39, obtained from the Global Environmental Forum (Tsukuba, Japan), was grown in modified SOT liquid medium ([@CIT0001]). *Synechocystis* sp. PCC6803 was grown in BG11 liquid medium ([@CIT0033]). Cultivations were carried out in 500ml flasks containing 250ml of SOT or BG11 medium; flasks were incubated in an NC350-HC plant chamber (Nippon Medical and Chemical Instruments, Osaka, Japan) under continuous irradiation with 50 μmol of white light photons m^--2^ s^--1^ (whole-day illumination) with 100rpm agitation at 30 °C. Growth and cell density were determined by measuring the optical density at 750nm (OD~750~) using a Shimadzu UV mini spectrophotometer. Cell density was determined as the dry cell weight in the medium, as a linear correlation was observed between dry cell weight and optical density.

Analysis of cellular components (glycogen and protein) {#s4}
------------------------------------------------------

Glycogen was extracted from cells as described previously ([@CIT0011]), with minor modifications. Cells (10mg dry weight) in 200 μl of KOH (30%, w/v) were incubated in a heat block for 90min at 95 °C and subsequently placed on ice. To precipitate glycogen, 600 μl of ethanol pre-chilled to 4 °C was added to each cell extract, which was then kept on ice for 1h. The extracts were centrifuged at 3000*g* for 5min at 4 °C. The resulting pellets were washed twice with cold ethanol and dried for 10min at 60 °C in a heat block. Each dried sample was reconstituted in 100 μl of water and centrifuged at 10 000*g* for 5min at 4 °C, and the supernatant was subjected to high-performance liquid chromatography (HPLC) analysis. The glycogen content was determined as described previously ([@CIT0001]).

Protein was extracted as described previously ([@CIT0007]). Protein concentrations were determined using a Sigma QuantiPro BCA Assay Kit (Sigma-Aldrich, St Louis, MO, USA), with bovine serum albumin as the standard.

Spectral analysis {#s5}
-----------------

Cells cultivated for 3 d under the conditions described above were diluted with medium to adjust the OD~750~ to 0.3 for *A. platensis* and 0.1 for *Synechocystis*. Steady-state absorption spectra were collected at room temperature as described previously ([@CIT0002]) using a spectrometer equipped with an integrating sphere (JASCO V-650/ISV-722). Spectra were normalized to cell density (as estimated from turbidity at 750nm), and the apparent OD~750~was subtracted ([@CIT0037]).

Sampling procedure for metabolic profile analysis {#s6}
-------------------------------------------------

Cell sampling was performed according to a previously reported method ([@CIT0021]), with minor modifications. Cyanobacterial cells, equivalent to 5 or 10mg dry weight, were removed from cultivation vessels and filtered using 10 μm (for *A. platensis*) or 1 μm (for *Synechocystis* sp. PCC6803) pore size Omnipore filter disks (Millipore, MA, USA). After washing with 260mM (for *A. platensis*) or 20mM (for *Synechocystis* sp. PCC6803) ammonium bicarbonate pre-chilled to 4 ºC, cells retained on the filters were immediately placed into 2ml of pre-cooled (--30 ºC) methanol containing 190nM (+)-10-camphorsulfonic acid, 31 μM [L]{.smallcaps}-methionine sulfone, and 31 μM piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) as internal standards for mass analysis. Intracellular metabolites were extracted using a cold 10:3:1 (v/v/v) methanol:chloroform:water solution, as described previously ([@CIT0006]). Cells were suspended by vortexing and then 1ml of the cell suspension was mixed with 100 μl of pre-cooled (4 ºC) water and 300 μl of chloroform containing 15 μM *trans*-β-apo-8′-carotenal as an internal standard for pigment analysis. The cell suspension was shaken at 1200rpm (MBR-022UP; TAITEC, Saitama, Japan) for 30min at 4 ºC in the dark before centrifugation at 14 000*g* for 5min at 4 ºC. Next, 980 μl of cell extract obtained as the supernatant was transferred to a clean tube. After adding 440 μl of water, phase separation of aqueous and organic layers was performed by centrifugation at 14 000*g* for 5min at 4 ºC. Two aliquots (450 μl each) of the aqueous layer were transferred to clean tubes for analysis by capillary electrophoresis/mass spectrometry (CE/MS) and liquid chromatography/triple quadrupole mass spectrometry (LC/QqQ-MS). After filtration with a Millipore 5kDa cut-off filter for the removal of solubilized proteins, the aqueous-layer extracts were evaporated under vacuum using a FreeZone 2.5 Plus freeze dry system (Labconco, Kansas City, MO, USA). Dried extracts were stored at --80 °C until used for mass analysis. A 50 μl aliquot of the organic layer obtained by phase separation was stored at --80 °C for subsequent pigment analysis.

CE/MS metabolite analysis {#s7}
-------------------------

Dried metabolites were dissolved in 20 μl of Milli-Q water before CE/MS analysis. The CE/MS experiments were performed using an Agilent G7100 CE system, an Agilent G6224AA LC/MSD time-of-flight (TOF) system, and an Agilent 1200 series isocratic HPLC pump equipped with a 1:100 splitter for delivery of the sheath liquid. Agilent ChemStation software for CE and MassHunter software for the Agilent TOFMS were used for system control and data acquisition, respectively. The analytical conditions for cationic and anionic metabolite analyses were as described previously ([@CIT0039]; [@CIT0019]), with minor modifications as described below. The CE separations were performed in a fused silica capillary (1 m×50 μm i.d.) filled with 1M formic acid (pH 1.8) as the electrolyte for cationic metabolite analyses or with 50mM ammonium acetate (pH 9) for anionic metabolite analyses. The CE polarity was such that the electrolyte vial (inlet) was at the anode, and the electrospray ionization (ESI) probe (outlet) was at the cathode. Samples were injected into the CE system at a pressure of 50 mbar for 10 s for cation analyses or for 30 s for anion analyses. The voltage applied to the CE capillary was set at 30kV, with a ramp time of 0.3min. For anionic metabolite analyses, the electrolyte was passed through the capillary using an air pump, and was delivered at a pressure of 10 mbar from 0.4 to 30min and 100 mbar from 30.1 to 49.5min. The flow rate of the sheath liquid was set at 8 μl min^--1^. The ESI-MS analyses were conducted in either the positive or negative ion mode using a capillary voltage of --3.5 or 3.5kV, respectively. The TOF-MS fragmenter, skimmer, and Oct RFV were set to 100, 65, and 750V, respectively. The ﬂow of heated drying nitrogen gas (300 ºC) was maintained at 10 l min^--1^. Mass data were acquired at a rate of 1 spectra s^--1^ over the mass-to-charge ration (*m*/*z*) range 70--1000. The metabolites quantified using CE/MS are listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) at *JXB* online.

LC/QqQ-MS metabolite analysis {#s8}
-----------------------------

Dried extracts were dissolved in 50 μl of Milli-Q water and applied to an LC/QqQ-MS system (HPLC: Agilent 1200 series, MS: Agilent 6460 with Jet Stream Technology; Agilent Technologies) controlled with MassHunter Workstation Data Acquisition software v.B.04.01 (Agilent Technologies). The LC/QqQ-MS analyses were performed with multiple reaction monitoring (MRM), as described previously ([@CIT0025]). The MRM parameters are listed in [Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) at *JXB* online.

Pigment analysis {#s9}
----------------

Pigment extract (50 μl) was diluted to a final volume of 750 μl with a solution of 8:2 (v/v) acetonitrile:chloroform. Pigment content was analysed as described previously ([@CIT0018]) using an Acquity UPLC system (Waters, Milford, MA, USA). Pigment peaks were quantified using a photodiode array (PDA) detector set at a wavelength of 445nm. The metabolites quantified using UPLC/PDA are listed in [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) at *JXB* online.

^13^C-labelling experiment {#s10}
--------------------------

To analyse metabolic turnover in cyanobacteria, *in vivo* ^13^C-labelling was performed using sodium ^13^C-bicarbonate (NaH^13^CO~3~) as a carbon source. All cultures were grown at 30 ºC at a photon flux density of 50 μmol m^--2^ s^--1^. *A. platenis* cells (10mg) pre-cultivated in SOT or nitrate-free SOT medium for 3 d were filtered and then resuspended to an initial OD~750~ of 1.0 in SOT or nitrate-free SOT medium containing 200mM NaH^13^CO~3~. In addition, 5mg of *Synechocystis* cells pre-cultivated in BG11 or nitrate-free BG11 medium for 3 d were filtered and then resuspended to an initial OD~750~ of 1.0 in BG11 or nitrate-free BG11 medium containing 25mM NaH^13^CO~3~. After labelling for 1--30min, 10mg of *A. platenis* and 5mg of *Synechocystis* cells were collected by filtration and processed as described in a previous section. Extracted intracellular metabolites were then analysed using CE/MS and LC/QqQ-MS. Mass spectral peaks of biological origin were identified manually by searching for mass shifts between ^12^C- and ^13^C-mass spectra. The ^13^C fraction of metabolites and metabolic turnover rate were determined as described previously ([@CIT0019]).

Results {#s11}
=======

Glycogen production under conditions of nitrate depletion {#s12}
---------------------------------------------------------

[Fig. 1A](#F1){ref-type="fig"} shows the glycogen and protein content of *A. platensis* cells grown under conditions of nitrogen depletion. *A. platensis* cells pre-cultivated under 50 μmol photons m^--2^ s^--1^ for 7 d at 30 ºC in SOT medium containing 29.4mM sodium nitrate as the nitrogen source were transferred to SOT medium and nitrate-free SOT medium at an initial OD~750~ of 0.6, corresponding to 0.53g dry cells l^--1^. Cells were then cultivated under continuous irradiation at 50 μmol photons m^--2^ s^--1^ at 30 ºC. In the presence of nitrate, the glycogen and protein contents remained nearly constant. In contrast, in the absence of nitrate, the glycogen content increased to 63.2% of the dry cell weight while the protein content decreased to 15.4%. The density of cells in the presence and absence of nitrate was the same over the course of the 72h cultivation ([Fig. 1C](#F1){ref-type="fig"}). The same trends were observed for *Synechocystis* sp. PCC6803 cultured in the presence and absence of nitrate ([Fig. 1B](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}). Both the glycogen and protein content remained constant in cells cultivated in BG11 medium containing 17.6mM sodium nitrate. Following transfer of cells to BG11 medium containing no nitrate, the glycogen content increased to 43.7% of the dry cell weight after 72h.

![Time-course analysis of the glycogen (triangles) and protein (squares) content of *A. platensis* (A) and *Synechocystis* sp. PCC6803 (B) cells, and concentration of *A. platensis* (C) and *Synechocystis* sp. PCC6803 (D) biomass during cultivation in the presence (closed symbols) and absence (open symbols) of nitrate.](exbotj_ert134_f0001){#F1}

[Fig. 2](#F2){ref-type="fig"} shows absorption spectra for *A. platensis* and *Synochocystis* cells grown under 50 μmol white light photons m^--2^ s^--1^. In the normalized spectrum, four peaks are found, which are assigned to the chlorophyll Soret (\~435nm), carotenoid (\~500nm), phycobilisome (\~620nm), and chlorophyll Qy (0,0) (\~676nm) bands ([@CIT0002]). In our experiments, nitrate depletion resulted in a decrease in the absorbance at 620nm in both *A. platensis* and *Synechocystis* cells, indicating a decrease in the phycobilisome content. As the absorbance at 430nm should indicate intracellular content of both chlorophyll *a* and carotenoids ([@CIT0013]), the decrease in the absorbance at 430nm indicated a decrease in these pigments. Based on the pigment analysis, chlorophyll *a* and total carotenoid calculated as a sum of each carotenoid increased by the depletion of nitrate ([Supplementary Tables S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) and [S5](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) at *JXB* online).

![Absorption spectra of *A. platensis* (A) and *Synechocystis* sp. PCC6803 (B) cells grown in SOT and BG11 medium, respectively, with (dashed line) or without (solid line) addition of sodium nitrate.](exbotj_ert134_f0002){#F2}

Metabolic profile analysis of *A. platensis* and *Synechocystis* sp. PCC6803 {#s13}
----------------------------------------------------------------------------

Intracellular metabolites were extracted and identified in order to determine the metabolic profile of cyanobacteria during glycogen accumulation. Hydrophilic compounds, including amino acids, co-factors, nucleotides, organic acids, polyamines, sugar nucleotides, and sugar phosphates, were determined by CE/MS. Pigments were quantified by UPLC/PDA. The metabolites identified and quantified using CE/MS and UPLC/PDA are listed in [Supplementary Tables S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) and [S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1). In *A. platensis*, 69 and five metabolites were detected by CE/MS and UPLC/PDA, respectively. In *Synechocystis* sp. PCC6803, 76 hydrophilic compounds and seven pigments were detected. The accumulation of metabolites in *A. platensis* and *Synechocystis* cells during 72h of cultivation in the presence and absence of nitrate is summarized in [Supplementary Tables S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) and [S5](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1).

The metabolite profiles of *A. platensis* and *Synechocystis* sp. PCC6803 cultivated for 72h in the presence and absence of nitrate were compared using scatter plots ([Fig. 3](#F3){ref-type="fig"}). In the presence of nitrate, the Spearman's rank correlation coefficient, *r* ~s~, was 0.6953. According to general statistical theory, an *r* ~s~ of 0.60--0.79 is indicative of a strong correlation between the groups compared. In the absence of nitrate, we found a strong correlation between the metabolite profile of *A. platensis* and that of *Synechocystis* sp. PCC6803 (*r* ~s~=0.6680). These results indicated that nitrate depletion causes a similar perturbation in the metabolite profile of both species.

![Comparison of the metabolite content of *A. platensis* and *Synechocystis* sp. PCC6803 cells grown with (A) or without (B) the addition of sodium nitrate.](exbotj_ert134_f0003){#F3}

Temporal changes in metabolic profile under conditions of nitrate depletion {#s14}
---------------------------------------------------------------------------

Changes in metabolite concentration in *A. platensis* cells over time are shown in [Fig. 4](#F4){ref-type="fig"}. Glycogen is biosynthesized from the Calvin cycle intermediate fructose-6-phosphate (F6P) via glucose-6-phosphate (G6P), glucose-1-phosphate (G1P), and ADP-glucose (ADP-Glc) ([@CIT0003]). No significant difference was observed with respect to the intracellular content of G1P and G6P in cells cultured in the presence and absence of nitrate ([Fig. 4A](#F4){ref-type="fig"}). Nitrate-derived nitrogen is incorporated into glutamate in the form of ammonia by the enzyme glutaminase ([Fig. 4B](#F4){ref-type="fig"}) ([@CIT0012]). In the absence of nitrate, we found that the levels of some amino acids, such as alanine, asparagine, aspartate, glutamate, glutamine, and valine, decreased with time. In contrast, with the exception of glutamine, the levels of almost all other amino acids remained constant in nitrate-containing SOT medium. Notably, in *A. platensis* cells cultivated under conditions of nitrate depletion, there was a transient increase (until 12h) in the levels of a number of amino acids, including glycine, histidine, isoleucine, leucine, methionine, phenylalanine, proline, threonine, and tyrosine. A transient increase in amino acid levels was also observed in *Synechocystis* sp. PCC6803 cells cultivated under conditions of nitrate depletion ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) at *JXB* online). These results raise the possibility that, when nitrate is missing, amino acids released from proteins are immediately assimilated into other metabolites, including sugar phosphates and glycogen.

###### 

Time-course analysis of the metabolite content of *A. platensis* cells cultivated with (closed circles) or without (open circles) the addition of nitrate. Error bars indicate ±standard deviation (SD) (*n*=3). Statistical significance was determined using Student's or Welch's *t*-test (\**P* \<0.05, ^\*\*^ *P* \<0.01, ^\*\*\*^ *P* \<0.001). Abbreviations: AceCoA, acetyl-CoA; ADP-Glc, ADP-glucose; BPGA, 1,3-bisphosphoglycerate; β-Car, β-carotene; Carbamoyl-P, carbamoyl phosphate; Chl *a*, chlorophyll *a*; Cit, citrate; DHAP, dihydroxyacetone phosphate; E4P, erythrose-4-phosphate; FBP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; Fum, fumarate; GAP, glyceraldehyde-3-phosphate; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; Icit, isocitrate; 2KG, 2-ketoglutarate; Mal, malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; 2PGA, 2-phosphoglycerate; 3PGA, 3-phosphoglycerate; Pyr, pyruvate; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; RuBP, ribulose-1,5-bisphosphate; S7P, sedoheptulose-7-phosphate; SBP, sedoheptulose-1,7-bisphosphate; Suc, succinate; X5P, xylulose-5-phosphate; Zeax, zeaxanthin.

![](exbotj_ert134_f0004a)
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Metabolite turnover under conditions of nitrate depletion {#s15}
---------------------------------------------------------

When metabolism is in a dynamic steady state *in vivo*, metabolites are replaced with newly synthesized compounds at a constant rate and the total amount of each metabolite remains unchanged. Thus, in order to fully understand metabolic flux related to glycogen biosynthesis, turnover of metabolic intermediates should be examined directly. In the present study, metabolic turnover, defined as the change in the ratio of carbon newly incorporated into metabolites to total metabolite carbon, was determined in the presence and absence of nitrate using an *in vivo* ^13^C-labelling assay.

*A. plantensis* cells cultivated for 3 d in SOT medium with or without nitrate were transferred to new medium containing NaH^13^CO~3~ instead of NaHCO~3~ to initiate ^13^C labelling. Intracellular metabolites were extracted and analysed by MS after labelling for 1, 2, 3, 5, 10, 20, and 30min in order to assess metabolic turnover. The ratio of ^13^C to total carbon in each metabolite \[i.e. the ^13^C fraction (%)\] was calculated from mass isotopomer distributions determined by MS. As ionized compounds are separated by mass in MS and the data are presented as *m*/*z*, the *m/z* of a ^13^C-labelled compound increases by an amount equal to the number of stable isotope atoms incorporated ([@CIT0038]; [@CIT0016]). Therefore, by determining the ratio of the intensity of the monoisotopic ion to that of its isotopic ions, the ratio of stable isotope-labelled to unlabelled metabolite can be determined. As the pool size of some metabolites, such as sugar phosphates and sugar nucleotides, is small in cyanobacteria, the MRM detection method was optimized for each compound in order to maximize the sensitivity of detection ([Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1)).

In an *in vivo* ^13^C-labelling assay, ^13^C is assimilated through the Calvin cycle enzyme ribulose-1,5-bisphoshate carboxylase/oxygenase (Rubisco) in the form of ^13^CO~2~ used in the production of 3-phosphoglycerate (3PGA) from ribulose-1,5-bisphoshate (RuBP) ([Fig. 4A](#F4){ref-type="fig"}). In our experiments, the size of the 3PGA pool remained almost constant during ^13^C labelling, while the ^13^C fraction associated with 3PGA increased linearly up to 3min ([Fig. 5](#F5){ref-type="fig"}). These data suggested that ^13^C assimilation was kept in a steady state. The ^13^C fraction associated with sugar phosphates involved in the Calvin cycle and glycogen biosynthesis increased with time and reached a plateau at 10min ([Fig. 6](#F6){ref-type="fig"}). The ^13^C-labelling ratio did not reach 100% for any metabolite identified.

![Initial time course of the ^13^C fraction and size of the 3PGA pool during ^13^C labelling of *A. platensis* cells cultivated with (closed circles) or without (open circles) the addition of nitrate. Error bars indicate ±SD (*n*=3).](exbotj_ert134_f0005){#F5}

![Time-course analysis of the metabolite ^13^C fraction of *A. platensis* cells cultivated with (closed circles) or without (open circles) the addition of nitrate. Error bars indicate ±SD (*n*=3).](exbotj_ert134_f0006){#F6}

In the presence of nitrate, the fraction of ^13^C associated with 3PGA reached a maximum of 80.3% after 30min of labelling, but in the absence of nitrate reached only 62.5%. Nitrate depletion resulted in a decrease in the ^13^C-labelling ratio for other sugar phosphates, such as dihydroxyacetone phosphate, F6P, G1P, G6P, phosphoenolpyruvate, ribose-5-phosphate, ribulose-5-phosphate, sedoheptulose-7-phosphate, and xylulose-5-phosphate, as well as sugar nucleotides such as ADP-Glc. Nitrate depletion also resulted in a decrease in the ^13^C fraction for most amino acids, with the exceptions of glutamate and glutamine, which showed an increase in the ^13^C fraction ([Fig. 6](#F6){ref-type="fig"}). In summary, nitrate depletion resulted in an increase in the cellular glycogen content, while the turnover of intermediates involved in the biosynthesis of glycogen from CO~2~ was not promoted with carbon derived from ^13^CO~2~. These results indicated that, under conditions of nitrate depletion, glycogen is biosynthesized with carbon derived from photosynthetic products.

Discussion {#s16}
==========

Cultivation under conditions of nitrate deficiency leads to a significant increase in the glycogen content in *A. platensis* and *Synechocystis* sp. PCC6803 cells. In cyanobacteria, glycogen is normally synthesized from CO~2~ assimilated during periods of light exposure ([@CIT0003]). In the present study, dynamic metabolic profiling using a ^13^C-labelling assay revealed that when nitrate is unavailable, the carbon skeleton of glycogen is synthesized with carbon derived from photosynthetic products other than CO~2~. The observed decrease in protein accumulation and the transient increase in amino acid levels concomitant with glycogen production suggest the possibility that glycogen is biosynthesized with carbons derived from amino acids released from proteins via gluconeogenesis. The ^13^C fractions calculated for glycogen precursors (F6P, G1P, G6P, and ADP-Glc) and amino acids based on our ^13^C-labelling experiments support this possibility.

Nitrogen limitation is frequently used to increase the production of cyanobacterial glycogen ([@CIT0042]). Glycogen metabolism is important for cyanobacteria in photosynthesis; however, little is known about the mechanism of glycogen biosynthesis in these organisms. To the best of our knowledge, this is the first report demonstrating the temporal metabolic profile of cyanobacteria cultivated under conditions of nitrogen deficiency. Using CE/MS, we were able to reproducibly identify 69 and 77 hydrophilic metabolites in *A. platensis* and *Synechocystis* sp. PCC6803, respectively. As shown in [Fig. 4](#F4){ref-type="fig"}, shifting the cyanobacterial cells into nitrogen depletion and cultivating them for 72h resulted in global metabolic reprogramming that involved reductions in the levels of several free amino acids that are typically abundant in the cell, such as aspartate, glutamate, and glutamine, and increases in the levels of organic acids such as 2-ketoglutarate, malate, and succinate. Time-course profiling of metabolites demonstrated transient increases in the levels of other amino acids, including glycine, histidine, isoleucine, leucine, methionine, phenylalanine, proline, threonine, and tyrosine. Such transient increases might be caused by protein hydrolysis and subsequent assimilation of these amino acids into glycogen via gluconeogenesis. It is not clear if these responses are common in cyanobacteria and other photosynthetic species. However, several recent reports have demonstrated that cultivation under nitrogen-deficient conditions leads to an increase in starch content with a decrease in protein content in green algae such as *Chlorella vulgaris* and *Dunaliella tertiolecta* ([@CIT0034]; [@CIT0020]). Thus, green algae may show the same metabolic response as *A. platensis* and *Synechocystis* sp. PCC6803 under conditions of nitrogen depletion.

Metabolic profiling using MS enables the determination of a large number of metabolites, including minor intermediates, and provides a snapshot of the metabolic status of a cell at a given point in time. In order to observe fluxes in metabolism, MS analysis combined with *in vivo* labelling using a stable isotope is required. [@CIT0016]) reported that metabolite kinetics can be estimated by measuring changes in the abundance of mass isotopomers over time. In the present study, *in vivo* ^13^C labelling was performed by replacing the sole carbon source in the cultivation medium with NaH^13^CO~3~. Using this technique, we found that the ^13^C fraction of sugar phosphate compounds increased with time, reaching a plateau within 10min of labelling initiation. In photosynthetic organisms, Rubisco catalyses the initial reaction in primary carbon fixation involving condensation of CO~2~ and RuBP, yielding two molecules of 3PGA. Through the action of the Calvin cycle, 3PGA is converted into triose phosphates, which serve as the initial carbon skeletons for the synthesis of intracellular metabolites ([Fig. 4](#F4){ref-type="fig"}). In our experiments, the turnover rate of sugar phosphates involved in the Calvin cycle was significantly higher than that of organic acids and amino acids. As shown in [Fig. 6](#F6){ref-type="fig"}, the ^13^C fraction did not reach 100% for any metabolite. Previous studies using leaves of *Nicotiana tabacum* and *Quercus rubra* for ^13^C labelling also showed less than 90% of the ^13^C fraction of sugar phosphates ([@CIT0008]; [@CIT0016]). Although the reason the ^13^C fraction tends to peak below 100% remains unknown, one reasonable explanation is that the isotope-labelled carbons compete with carbon atoms derived from internal stores for assimilation into metabolites, ultimately entering an equilibrium phase after the initial linear ^13^C-enrichment phase.

Remarkably, the maximum value of the ^13^C fraction was reduced under conditions of nitrate depletion. By limiting the nitrate supply, the ^13^C fractions of 3PGA, F6P, G6P, G1P, and ADP-Glc declined from 80.3, 82.2, 89.7, 88.7, and 83.2% to 62.5, 48.6, 51.9, 49.1, and 27.7 %, respectively ([Fig. 6](#F6){ref-type="fig"}). The decrease in the maximum ^13^C fraction points to a reduction in the availability of ^13^CO~2~ for use in glycogen biosynthesis when the cells are confronted with nitrogen starvation, despite the fact that the glycogen content increases. The ^13^C fraction of many amino acids also declined following nitrate depletion, indicative of either a reduction in the assimilation of carbon atoms into amino acids or an increase in the generation of free amino acids through protein hydrolysis. Almost no carbon was incorporated into isoleucine, leucine, and lysine under conditions of nitrate depletion, even though the pools of these amino acids increased ([Fig. 4](#F4){ref-type="fig"}). The rate of ^13^CO~2~ incorporation was not altered by depleting nitrate ([Fig. 5](#F5){ref-type="fig"}). These data support the hypothesis that there is an increase in the release of amino acids from proteins under these conditions. The increase in the ^13^C fraction of glutamate and glutamine could be due to decreases in the pools of these metabolites.

Depleting the supply of nitrate resulted in a decrease in the protein content in *A. platensis* from 42.7 to 15.4% of the dry cell weight, while the glycogen content increased from 13.7 to 63.2% ([Fig. 1](#F1){ref-type="fig"}). As demonstrated for other cyanobacteria ([@CIT0015]), we found that *A. platensis* cells degrade their light-harvesting apparatus, phycobilisome, to provide nitrogen when exogenous nitrogen is limited ([Fig. 2](#F2){ref-type="fig"}). Accordingly, glycogen might be partly synthesized with carbons derived from phycobilisome. Because nitrogen is frequently a limiting nutrient for non-diazotrophic cyanobacteria, these organisms have developed survival strategies that enable them to adapt to nitrogen deprivation. When both *A. platensis* and *Synechocystis* sp. PCC6803 undergo bleaching in response to a lack of nitrogen sources, the cells accumulate excess glycogen as a deposit of intracellular energy. Although the precise role that glycogen plays in cyanobacteria remains unclear, it has been suggested that the accumulation of glycogen by cyanobacteria may be advantageous during starvation periods, providing both a stored source of energy and a carbon surplus ([@CIT0040]). Our metabolomic study enhances current understanding of the flow of carbon involved in glycogen biosynthesis during periods of nitrate depletion.

The combination of metabolic profiling and turnover analysis used in the present study, which can be referred as dynamic metabolic profiling, demonstrated that acclimation to nitrogen depletion in cyanobacteria involves coordinated changes in carbon metabolism. To the best of our knowledge, ours is the first report of *in vivo* stable isotope labelling of cyanobacteria cultivated under conditions of nitrate depletion. Direct measurement of metabolic turnover using our *in vivo* ^13^C-labelling assay provided conclusive evidence that the metabolic profile of cyanobacterial cells cultured in the absence of nitrate changes over time.

Cyanobacteria represent a globally important biomass because they are responsible for a substantial proportion of primary production in the hydrosphere ([@CIT0031]). *A. platensis* is a remarkably fast-growing halophilic cyanobacterium capable of accumulating glycogen, and thus has the potential to serve as a feedstock for the fermentative production of biofuels and bio-based chemicals ([@CIT0001]). By controlling light intensity, temperature, and the supplies of nitrate and other nutrients during cultivation, the metabolism and growth of *A. platensis* can be manipulated to further enhance the already exceptional glycogen production capacity of this organism ([@CIT0001]). For utilization of cyanobacteria as biofuel feedstock, maintenance of cell growth is also important to improve glycogen production, because glycogen production should be estimated by multiplying glycogen content per cell by cellular biomass production ([@CIT0001]). Low nitrate supply not only promotes glycogen levels in the cells but also reduces the biomass production. Therefore, in enhancing glycogen production through metabolic engineering, glycogen accumulation should be induced after cell propagation by depleting nitrate. Expression of transgenes involved in metabolic pathway engineering might be controlled by nitrogen-responsive promoters ([@CIT0022]).

To date, only a few metabolomic studies of cyanobacteria have been published ([@CIT0010]; [@CIT0005]; [@CIT0029]), and ours is the first report of a metabolomic analysis of *A. platensis*. As metabolites are the final downstream products or effects of gene expression, metabolomics is often used to assign or validate functional annotations of genes for enzymes involved in metabolic pathways ([@CIT0019]; [@CIT0028]). Metabolomic approaches thus provide valuable information for use in designing novel strategies to enhance the productive capacities of microorganisms through genetic engineering.

*Synechocystis* sp. PCC6803, a unicellular cyanobacterium for which the genome was sequenced in 1996 ([@CIT0024]), is one of the most widely used species in studies of photosynthetic bacteria. Recently, researchers have begun to employ systems biology approaches to obtain a more detailed understanding of metabolic processes in this and other organisms ([@CIT0041]; [@CIT0028]). Metabolomics is a particularly important component of systems biology research. Advances in metabolite profiling have opened up the possibility of gaining previously unobtainable insights into physiological adaptation to environmental alterations.
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Supplementary data are available at *JXB* online.

[Supplementary Table S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) Analytical validation of CE/MS for the quantification of hydrophilic metabolites in *A. platensis* and *Synechocystis* sp. PCC 6803.

[Supplementary Table S2.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) LC/QqQ-MS parameters used in the analysis of metabolite isotopomers.

[Supplementary Table S3.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) Analytical validation of UPLC/PDA for the quantification of pigments in *A. platensis* and *Synechocystis* sp. PCC6803.

[Supplementary Table S4.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) Temporal changes in metabolite content in *A. platensis* cells after the initiation of cultivation in SOT medium containing 29.4 or 0mM sodium nitrate.

[Supplementary Table S5.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) Temporal changes in metabolite content in *Synechocystis* cells after the initiation of cultivation in BG11 medium containing 17.6 or 0mM sodium nitrate.

[Supplementary Fig. S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert134/-/DC1) Temporal changes in metabolite content in *Synechocystis* cells cultivated with or without nitrate.
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3PGA

:   3-phosphoglycerate

ADP-Glc

:   ADP-glucose

CE/MS

:   capillary electrophoresis/mass spectrometry

ESI

:   electrospray ionization

F6P

:   fructose-6-phosphate

G1P

:   glucose-1-phosphate

G6P

:   glucose-6-phosphate

HPLC

:   high-performance liquid chromatography

LC/QqQ-MS

:   liquid chromatography/triple quadrupole mass spectrometry

PDA

:   photodiode array

Rubisco

:   ribulose-1,5-bisphoshate carboxylase/oxygenase

RuBP

:   ribulose-1,5-bisphoshate

TOF

:   time of flight.
